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1 Scope This document describes time domain reflectom-
etry (TDR) methods for measuring and calculating the charac-
teristic impedance, Z,, of a transmission line on a printed cir-
cuit board (PCB). In TDR, a signal, usually a step pulse, is
injected onto a transmission line and the Z, of the transmis-
sion line is determined from the amplitude of the pulse
reflected at the TDR/transmission line interface. The incident
step and the time delayed reflected step are superimposed at
the point of measurement to produce a voltage versus time
waveform. This waveform is the TDR waveform and contains
information on the Z, of the transmission line connected to the
TDR unit.

Note: The signals used in the TDR system are actually rect-
angular pulses but, because the duration of the TDR wave-
form is much less than pulse duration, the TDR pulse appears
to be a step.

1.1 Applicability The observed voltage or reflection coeffi-
cient change in the TDR waveform is related to the difference
between Z, of the transmission line and the impedance of the
TDR. If the impedance of the TDR unit is known via proper
calibration, then the Z, of the transmission line attached to the
TDR unit may be determined. Thus, the TDR method is use-
ful for measuring Z, and changes in Z, of a transmission line.
These impedance values thus determined can be used to
verify transmission line design (engineering development),
measure production repeatability, and qualify manufacturers
via transfer or artifact standards.

Engineering development requires detailed information on the
electrical performance of prototype units to assure the trans-
mission line design yields the expected performance charac-
teristics. Detailed laboratory analysis of the effect of variations
in design features expected in actual manufacture can be
done to assure the proposed design can be manufactured at
a useful quality level.

1.2 Measurement System Limitations Measurements of
Z, often vary greatly, depending on equipment used and how
the tests were performed. Following a specified method helps
assure accurate and consistent results. Both single-ended
and differential line measurements have limitations in com-
mon, including the following:

a. The Z, measured units are derived and not directly mea-
sured.
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b. The value of characteristic impedance obtained from TDR
measurements is traceable to a national metrology insti-
tute, such as the National Institute of Standards and Tech-
nology (NIST), through coaxial air line standards. The char-
acteristic impedance of these transmission line standards
is calculated from their measured dimensional and material
parameters.

c. A variety of methods for TDR measurements each have
different accuracies and repeatabilities.

d. If the nominal impedance of the line(s) being measured is
significantly different from the nominal impedance of the
measurement system (typically 50 Q), the accuracy and
repeatability of the measured numerical valued will be
degraded. The greater the difference between the nominal
impedance of the line being measured and 50 Q, the less
reliable the numerical value of the measured impedance
will be.

e. Measurement variation (repeatability, reproducibility) may
only be a small component of the total uncertainty in the
value of the characteristic impedance. For example, if the
uncertainty in the characteristic impedance of the reference
air line is £ 0.5 Q (for a 95 % confidence interval), then the
uncertainty in the measured characteristic impedance of
the test line can be no better than + 0.5 Q even if measure-
ment variation is much less.

f. The particular TDR methods described herein are not
suited for measuring the characteristic impedance as a
function of position along the transmission line (impedance
profiling) because signal reflections within the transmission
line under test and between the TDR unit and transmission
line under test may adversely affect measurement results.

g. The requirements for the length of the transmission line
under test given in Section 3 of this test method as well the
IPC-2141 must be met.

Further measurement considerations and notes are provided
in Section 6.

1.3 Sample Limitations The type of test sample used may
also impact Z, values (see IPC-2141). The sample-based limi-
tations include:
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a. The transmission line under test varies along its length
whereas the value of Z, obtained assumes a uniform trans-
mission line. Therefore, the measured Z, only approxi-
mates the characteristic impedance of an ideal line that is
representative of the line under test.

b. Lines on a printed circuit board may deviate significantly
from design. For example, microstrip lines longer than
15 cm [5.91 in] on boards with plated-through holes often
have variations in line width; this variation is due to plating
and/or etching variations.

c. If the transmission line is too short, the accuracy of the cal-
culated impedance value may be degraded (see 4.1.2). If
the transmission line is too long, skin effect and dielectric
loss may cause a bias in the impedance measurement.

d. Depending on where the measurements are made, the
value of Z, obtained may be affected by dielectric and
conductor loss and other effects. The farther away from
the interface between the probe and the transmission line
under test, the worse these effects will be.

e. Duration of the measurement window (waveform epoch)
may need to be adjusted for sample length and location of
midpoint vias along the transmission line.

2 Reference/Applicable Documents

IPC-2141 Controlled Impedance Circuit Boards and High
Speed Logic Design

IPC-TM-650 IPC Test Methods Manual
1.9 Measurement Precision Estimation for Variables Data

3 Test Specimens The test specimen can take one of sev-
eral forms, depending on the application, but contains at least
one transmission (or interconnect) test structure. As
examples, four types are mentioned in 3.1.1 through 3.1.4.
The transmission lines to be measured may be of either strip-
line or microstrip construction and configured as either single-
ended or differential. See IPC-2141 for a recommended test
coupon design.

3.1 Test Specimen Examples

3.1.1 Example 1 Representative samples of the actual
PCB being manufactured are selected. In some cases, this
sample set may contain all of the boards. Agreed upon func-
tional or nonfunctional transmission lines within the sample are
used for the measurement. Criteria for selection of such lines
includes:

a. Inclusion of the PCB’s critical features.
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b. Accessibility of terminations for the line.
c. Absence of branching.

d. Absence of impedance changes within the transmission
line under test.

e. Representation of controlled Z, signal layers in a multi-layer
board.

3.1.2 Example 2 Representative samples should be as in
3.1.1, except that the test lines are nonfunctional lines
designed into the board for easy termination for TDR mea-
surements. Such test lines should be planned to include criti-
cal features typical of functional lines and should lie in con-
trolled Z, signal layers.

3.1.3 Example 3 Representative samples should be as in
3.1.1, except test coupons are cut from the master board at
the time the individual PCBs are separated. Such test cou-
pons will have one or more sample transmission lines with
termination suited for testing. Such test lines should include
critical features typical of functional lines and will be fabricated
in the same configuration and structure as the master board
on the same controlled Z, layers.

3.1.4 Example 4 A sample of the substrate laminate to be
characterized before use in manufacturing PCBs is fabricated
with test transmission lines. The fabrication may involve lami-
nating several board layers together in the same manner
anticipated for PCB manufacture.

3.2 ldentification of Test Specimen For specimens of
types called out in 3.1.1, 3.1.2, or 3.1.3, a board serial num-
ber, part number, and date code should be adequate. Speci-
mens from 3.1.4 should include whatever lot or panel identifi-
cation is available for the substrate laminate being evaluated.

3.3 Conditioning If conditioning is required, test speci-
mens shall be stored before testing at 23 °C (+1/-5) °C
[73.4 °F (+ 1.8/-0 °F)] and 50 % RH + 5 % RH for no less than
16 hours. If a different conditioning procedure is used, it must
be specified by the user.

4 Equipment and Instrumentation The TDR measure-
ment system contains a step generator, a high-speed sam-
pling oscilloscope, and all the necessary accessories for con-
necting the TDR unit to the device under test. IPC-2141
provides a short discussion of the TDR system architecture,
system considerations, and the TDR measurement process.
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1.1 Measurement System Requirements

4.1.1 Measurement Accuracy The measurement accu-
racy of the TDR should be sufficient to provide the required
accuracy in the value of characteristic impedance. The
required measurement accuracy of the TDR unit will depend
on the TDR measurement method. In general, the measure-
ment accuracy of the TDR unit should be better than 1% of
amplitude (either voltage or reflection coefficient). Noise in the
measured values will affect the uncertainty in the calculated Z,
values. The value of Z, may be affected by the length of the
transmission line under test and the section of the transmis-
sion line from which Z, is calculated (see 3.1.1.d).

4.1.2 Temporal/Spatial Resolution The resolution limit of
a given TDR unit is defined as that particular time or distance
wherein two discontinuities or changes on the transmission
line being measured, that would normally be individually dis-
cernable, begin to merge together because of limited TDR
system bandwidth. The resolution limit is specified in either

time or distance, and is always related to the one-way propa-
gation time between the two discontinuities, T, (see Figure
4-1), and not the round trip propagation time.

Per this definition, the resolution limit is:

a. half the system risetime, tg,, where ty is the 10 % to
90 % risetime or 90 % to 10 % falltime (depending on
whether the TDR response is calibrated with a short or
open circuit), or

b. 0.5ty x v, where v, is the signal propagation velocity in
the transmission line being measured.

These definitions are complementary.

For a given length of transmission line to be measured, the
resolution should not exceed one fourth (0.25) of the available
length, Ly of the transmission line. Table 4-1 provides
examples of required resolution for typical surface microstrips
in air, and on FR4 circuit board (v, = 2x10% m/s), for a given
TDR system risetime.
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Figure 4-1 Resolution and Electrical Length of Transmission Line
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Table 4-1 Resolution of TDR Systems instrumentation and compatibility with this instrumentation is
TDR necessary for characterizing the dynamic TDR properties,
System ‘ _ such as its impulse response (or transfer function). The imped-
Risetime Resolution 4X Resolution ance of the TDR unit should be calibrated using an artifact
10 ps 5 ps /1 mm [0.04 in] 4 mm [0.16 in] standard, such as an air line (see 4.3.6). However, the TDR
20 ps 10 ps / 2 mm [0.08 in] 8 mm [0.31 in] impedance is a function of frequency and calibration using a
30 ps 15 ps / 3 mm [0.12 in] 12 mm [0.47 in] fixed region of the TDR waveform (the measurement zone) will
100 ps 50 ps/ 10 mm [0.39 in] 40 mm [1.57 in] only yield Zn av;erage impedance value for the TDR unit for the
200 ps | 100 ps/20 mm[0.79in] | 80 mm [3.15 in] corresponding frequency range.
500 ps 250 ps / 50 mm [1.97in] 200 mm [7.87 in] 4.2.2 Timebase Accuracy The horizontal timebase accu-

Intermediate values can be linearly interpolated from Table 4-I
or using:

< Lo 1
tsys = ? V_p

For example, if a 32 mm [1.26 in] long transmission line was
being measured, a TDR system with t., < 80 ps should be
used. Note that, if the probe launch caused excessive ringing
in the TDR waveform, or if the launch does not repeatably
replicate the connection to the standard, then the 0.25 factor
may need to be smaller.

4.2 TDR Requirements

4.2.1 Impedance The impedance of the TDR unit should
be 50 Q with an impedance uncertainty less than or equal to
+ 0.5 Q. This TDR impedance value is selected because it is
the impedance used by most high-speed/high-frequency test

racy defines how well the TDR instrument’s horizontal time
scale can display the correct length of the trace. This affects
both the accuracy of the measurement zone calculations and
any propagation delay values. The timebase accuracy should
be less than 0.25 t, ¢ (see also 4.1.2).

4.2.3 Step Aberrations The ability of the TDR instrument
to measure the impedance of a transmission line is related to
how well the instrument can generate a step-pulse with a
minimum of aberrations (ringing, overshoot, undershoot, set-
tling, etc.). Any ringing, overshoots, or undershoots will cause
corresponding aberrations in the TDR waveform (see Figure
4-2). These aberrations can cause significant errors in the
impedance value computed from the TDR waveform. Addi-
tionally, low frequency step aberrations may produce a ramp
in measurement zone. This ramp can cause a significant bias
in the computed impedance value. The TDR instruments step
aberrations should be less than 1% of the total step ampli-
tude. For example, the impedance error shown in Table 4-2 is
for a 1 mV error of a 250 mV step. Poor settling and large

undershoot

ringin
overshoot ~\' / ging

/T\

low frequency drift
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Figure 4-2 Potential TDR Step Aberrations

Page 4 of 23




IPC-TM-650
Number Subject Date
2557 Characteristic Impedance of Lines on Printed Boards by TDR 03/04
Revision
A

aberrations will increase the variation in the average voltage or
reflection coefficient value from which Z, is computed, thereby
increasing the variation in the compute value of Z,.

Table 4-2 Impedance Error

Transmission Line
Impedance Error Impedance
0.24 Q 28 Q
0.4 Q 50 Q
0.79 Q 90 Q
1.23Q 125 Q

4.3 Other Equipment Requirements

4.3.1 Connectors TDR systems typically come with either
“SMA,” 3.5 mm, or 2.92 mm connectors at their measure-
ment ports. SMA, 3.5 mm, and 2.92 mm connectors are all
50 Q connectors and are electrically and geometrically com-
patible, therefore, they can be mated directly to each other.
However, the 2.92 mm and 3.5 mm connectors are precision
connectors (have a lower impedance uncertainty than the
SMA) and are designed to provide a more repeatable connec-
tion than the SMA connector. Therefore, for accurate mea-
surements, it is recommended that the 2.92 mm or 3.5 mm
connector be used where possible. The bandwidth of the
connectors must be great enough so that the connectors do
not affect the accuracy of the TDR measurement. The typical
-3 dB bandwidth of 3.5 mm connectors is approximately
34 GHz and of SMA connector is approximately 24 GHz. The
reflection and insertion losses of the connector should be less
than 27 dB and 0.3 dB respectively. Other connectors, com-
parable in performance to the 3.5 mm connector, may also be
used. All cable connections using SMA, 3.5 mm, or 2.92 mm
connectors should be tightened with a torque wrench to fol-
lowing specification, unless otherwise specified by the manu-
facturer of the connector or cable:

Table 4-3 Connector Torque Specifications
[Conversion factor is 0.1128 N-m/(Ib-in)]

Connector Type Required Torque
SMA 0.56 N-m [5 Ib-in]

3.5 mm .
2.92 mm, K 0.9 N-m [8 Ib-in]

4.3.2 Cabling All test cables should be coaxial and have a
characteristic impedance of 50 Q with an impedance uncer-
tainty of less than = 1 Q. Cables used in the measurement
circuit of the transmission line under test should have connec-

tors that are compatible with the rest of the measurement
system. The bandwidth of the cable must be great enough so
that the cable does not affect the accuracy of the TDR mea-
surement. The length of the cables should be kept to a mini-
mum. The total insertion loss (including connector loss) of the
cabling connecting the transmission line under test to the TDR
should be kept to a minimum, for example, less than
0.033 dB/cm [1db/foot] at 26.5 GHz. Table 4-4 contains sug-
gested maximum cable lengths. Faulty cables can contribute
up to a 1 Q error. Cable connections should be tightened with
a torque wrench to ensure a good connection.

Table 4-4 Maximum Suggested Cable Lengths

TDR Cable Assembly TDR Cable Length
Sampling Unit to Static Isolation Unit 30 cm [12 in]
Static Isolation Unit to In-Line )
Secondary Standard 91 cm [36 in]
In-Line Standard h as, i-rigid )
n me andard (such as, semi-rigi 10 cm [4 in]
coaxial cable)

4.3.3 Probes The probe assembly should have a charac-
teristic impedance of 50 Q or of approximately the same value
as that of the transmission line under test, with an uncertainty
of £1.0 Q or less. The probe tips should be of sufficient diam-
eter and pitch (spacing between signal and ground tips) to
accurately and repeatably probe the desired probe contact
pad geometry. (See IPC-2141 for recommended probe land-
ing layouts for TDR coupons.) Single-ended probes should
contain two tips, one each for the signal and ground lines.
Differential probes should contain two tips for contacting the
signal lines and one or two tips for contacting the reference
plane or planes. The probe tips should have moderately sharp
edges to cut through any oxides. For hand held probe assem-
blies, the probe handle should be ergonomically shaped. The
probe bandwidth should be sufficient for the desired
temporal/spatial resolution (see 4.1.2). The probe settling time
should be short so as not to affect the duration of the mea-
surement zone. The overall performance of the probe can be
incorporated into the TDR system response for computing
TDR system temporal/spatial resolution (see 4.1.2). Inconsis-
tent probe force and placement is common and can cause a
significant yet unknown error that can exceed 5 Q. Probe
connections should be tightened with a torque wrench to
ensure a good connection.

4.3.3.1 Probes for Differential Structures The differen-
tial probe should be long enough to act as a transfer stan-
dard, similar to that described in 4.3.7 for testing single-ended
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transmission lines (see 5.2.1). This probe can be constructed
using a printed circuit board differential transmission line that
has a differential impedance similar to the traces being tested
or by using short identical lengths of semi-rigid cable that
connect the instrument cables to the differential probe. The
probe or semi-rigid cable should be sufficiently long to provide
an adequate duration for the measurement zone (see 4.1.2)
used during calibration and measurement.

4.3.4 Terminations Many instruments perform differently
under different electrical loads. If a test is performed with open
circuited lines, the calibration of the reference should also be
done using an open circuit termination.

4.3.5 ESD Protection Static build up on specimens prior
to test can damage the sampling heads in the TDR equip-
ment. Therefore, it is recommended that ESD protection be
used. Such protection can be supplied internally to the TDR
system or externally. If supplied externally, using a coaxial
switch for example, then the switch should be placed
between the transmission line under test and the TDR instru-
mentation. The switch, or static protection device (SPD),
should have a return and insertion loss less than 16 dB and
0.3 dB at 18 GHz. A maximum of 31 cm [12.2 in] of high
quality, high frequency cable may be used to connect the TDR
instrument to the protection switch. Samples should be
grounded to remove any residual static and/or passed
through some type of deionization device prior to testing.

Keeping the relative humidity in the test area between 45 %
and 55 % may minimize the buildup of static. Automation
software can be used to enhance the effectiveness of the
static isolation unit by switching the static isolation unit on/off
as required to minimize the amount of time that the TDR sam-
pling unit is exposed to potential ESD.

4.3.6 Calibration Artifacts (Reference or Reference
Standard) A precision coaxial air line with calibration trace-
able to a national metrology institute (such as the National
Institute of Standards and Technology), 3.5 mm or 2.92 mm
connectors at both ends, and at least 10 cm [3.94 in] long
should be used. The characteristic impedance of the air line is
based on the geometry of a coaxial transmission line using air
as the dielectric between the center conductor (signal line)
and the ground shield. The center conductor may be held in
place by glass beads located at both ends of the air line or by
the external connectors that are attached to the connectors of
the air line. The uncertainty in the nominal characteristic
impedance of the air line should be less than or equal +
0.015 Z,., where Z . is the characteristic impedance of the
reference air line.

4.3.7 In-Line (Transfer) Standard The transfer standard
is placed between the probe and the TDR unit (see Figure
4-3). This standard could be an airline, a semi-rigid coax cable
assembly with the same specifications as the flexible coax
cable assemblies, or other. The transfer standard should be of

REFERENCE
AIRLINE

ADAPTOR

=
[

TRANSFER
STANDARD

PROBE

PROBE
CONTACT
PAD
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Figure 4-3 Reference Airline and Probe Contact Pad
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sufficient robustness so that its impedance remains constant
between calibration cycles.

4.3.8 Adapter, Airline-to-Probe Contact Pad A preferred
method of calibrating the TDR amplitude response is to con-
nect a probe contact pad directly to the airline and to probe
the airline through the contact pad (see Figure 4-3). The con-
tact pad should have a nominal characteristic impedance of
50 Q = 1.0 Q. An increase in measurement accuracy can be
achieved by using a reference impedance standard that is
closely matched to the impedance of the transmission line to
be tested.

5 Procedures

5.1 Measurement Preliminaries In this section, common
considerations for the calibration of the TDR measurement
system and performing the TDR measurements are provided.
5.1.3 describes a method for establishing the measurement
zone that can be applied to the measurement methods
described in 5.2 and 5.3.

5.1.1 System Calibration Follow the TDR instrument
manufacturer’s recommendation for the frequency of factory
calibration. TDR system ‘“‘field”” calibrations are to be per-
formed at regular intervals in addition to the less regular fac-
tory calibrations. The field calibrations are required for the fol-
lowing reasons:

a. TDR instrument specifications vary with temperature.
b. TDR instrument specifications vary with time (drift).

c. TDR instrument specifications vary due to minor ESD dam-
age.

d. TDR instrument factory calibration usually does not include
user supplied auxiliary components (e.g., cables, probes,
etc.).

TDR system field calibrations should also be performed after
a change of any system component (such as, cable, probes,
etc.). Ensure that the TDR instrument has been operating for
at least 30 minutes prior to any calibration or test measure-
ment procedure.

Use proper ESD control methods to avoid damage to the TDR
instrument in all calibration and test measurement proce-
dures. ESD control components can include static dissipative
mats, deionizer systems, and operator gowning.

5.1.2 Premeasurement Checks The test measurement
should be performed after the completion of the calibration

process. Ensure that plane of the signal line of a microstrip (or
embedded microstrip) structure is at least a distance equal to
six times the width of the microstrip signal line from any mate-
rial (such as the testing table) that can affect the dielectric
environment of the microstrip line. If the tests are being con-
ducted with hand probe(s), care must be taken to ensure that
the hands and/or arms of the operator do not contact any
surface of the board over the transmission line being tested.
Probes should be applied to the test points with sufficient
force to ensure proper electrical contact between the trace
and the probe assembly. Consistent application (that is, force,
angle of placement, etc.) of the probes onto the test points is
important to ensure repeatable measurement results.

Before recording any measurement results, ensure that the
TDR waveform is stable (that is, not drifting in amplitude or
time) otherwise measurement error will occur. To improve the
accuracy of the impedance measurement, it is important to
optimize the vertical gain setting (typically in V/div or p/div) and
horizontal axis setting (typically in time/div) of the TDR unit so
as to maximize the duration of the measurement zone within
the TDR waveform and to increase amplitude resolution. Per-
form this TDR adjustment prior to acquiring any TDR wave-
forms from which Z, will be computed. Ensure that the tem-
perature and humidity of the test environment is within TDR
instrument specifications and is stable.

5.1.3 Establishing the Measurement Zone The value of
the measurement zone is critical to the accuracy and repeat-
ability of the TDR measurement process. Measurement zone
differences are a large factor in correlation problems between
measurements. The measurement zone should be set repeat-
ability for each transmission line independent of the type of
dielectric material surrounding the transmission line or its
structure (surface microstrip, embedded microstrip, stripline,
differential pair, etc.). The following process can be incorpo-
rated into the test measurement process. There are two mea-
surement zones, one for the transmission line under test (see
5.1.3.1) and one for the reference (see 5.1.3.2), which may be
either a transfer standard or a coaxial air line.

5.1.3.1 Procedure for the Transmission Line Under Test

Step 1 —Hold the probe in the air and locate the instant, t; 1,
on the TDR waveform where the probe/open discontinuity
occurs (see Figure 5-1). t; 1 is the instant in the TDR wave-
form when the reflection from the open circuit has reached
50 % of its amplitude (see Figure 5-1), unless otherwise speci-
fied by the user.

Page 7 of 23




IPC-TM-650
Number Subject Date
2557 Characteristic Impedance of Lines on Printed Boards by TDR 03/04
Revision
A
TRANSFER |
STANDARD PROBE
i) i
TDR
INSTRUMENT
SPD
= PRECISION
RF CABLE | f/'
ARL
Y e [ otpa
TIME tim
IPC-2257a-5-1
Figure 5-1 Determination of instant in the TDR waveform corresponding to the beginning of the transmission line. A RIS

the amplitude of the signal reflected from the open end of the probe. SPD is the static protection device (see 4.3.5).

Step 2 — Place the probe in contact with the transmission line
under test and locate the instant, t, -, on the TDR waveform
where the transmission line/open discontinuity occurs (see
Figure 5-2). t, 1 is the instant in the TDR waveform when the
reflection from the open circuit has reached 50 % of its ampli-
tude (see Figure 5-2), unless otherwise specified by the user.

Step 3 — Compute the round trip propagation time of the
transmission line using:

Tere=ter—tim

Step 4 — Determine the initial instant, t, ;,, of measurement
zone (see Figure 5-3) using:

Gr =Tl + Xog TreTL
where X, is the lower limit of the measurement zone and is
30 % unless otherwise specified by the user.

Step 5 — Determine final instant, t;,, of measurement zone
(see Figure 5-3) using:

trr = tom + Xpo TrmL

where X, is the upper limit of the measurement zone and is
70 % unless otherwise specified by the user.

PRECISION
RF CABLE
TDR TRANSFER TRANSMISSION LINE UNDER TEST
INSTRUMENT STANDARD [
SPD (B—— = i e |
= %
Az T /
‘ 0.5'ARz i
TIME i tar
IPC-2257a-5-2
Figure 5-2 Determination of instant in TDR waveform corresponding to the end of the transmission line. Ag. is the

amplitude of the signal reflected from the open end of the transmission line under test.
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Figure 5-3 Determination of Measurement Zone

5.1.3.2 Procedure for the Reference Line

Step 1 — Remove the transfer standard (or air line reference)
and hold the precision rf cable in the air and locate the instant,
t1 rerr ON the TDR waveform where the rf cable/open discon-
tinuity occurs (see Figure 5-4). t; ¢ is the instant in the TDR
waveform when the reflection from the open circuit has
reached 50 % of its amplitude (see Figure 5-4), unless other-
wise specified by the user.

Step 2 — Connect the rf cable to the reference line and locate
the instant, t, ., on the TDR waveform where the reference
line/open discontinuity occurs (see Figure 5-5). t, . is the
instant in the TDR waveform when the reflection from the
open circuit has reached 50 % of its amplitude (see Figure
5-5), unless otherwise specified by the user.

Step 3 — Compute the round trip propagation time of the
transmission line using:

Trtref = T2 Ref — t1,Ret

Step 4 — Determine the initial instant, t; zo;, Of measurement
zone using:

tiRet = 1 Ref + Xiog Tt Ref
where X, is the lower limit of the measurement zone and is 30

% unless otherwise specified by the user.

Step 5 — Determine final instant, t;, of measurement zone
using:
tr Ref = tiRet T XprTrtRef

where X, is the upper limit of the measurement zone and is
70 % unless otherwise specified by the user.

5.2 Single-Ended TDR Measurement Procedures This
section contains three methods for measuring the character-
istic impedance of single-ended transmission lines. The fol-
lowing calibration and measurement steps should be used
when the device(s) under test are unbalanced (single-ended)
transmission lines. This process can be followed manually but,
to improve measurement repeatability and reduce measure-
ment time, an automated measurement system is recom-
mended. Additionally, the use of a fixture based or robotic
probing system greatly improves the accuracy and repeatabil-
ity over hand probe techniques and further reduces the mea-
surement time.

5.2.1 Transfer Standard Method In this method, the
impedance of the reference air line is transferred to a second-
ary transmission line. The computed impedance of the sec-
ondary or transfer line then becomes the basis from which the
characteristic impedance of all subsequent test transmission
lines is computed. The transfer method provides a direct com-
parison of the impedance of the transfer standard to that of
the transmission line under test. Although this does require
two additional measurements, as compared to the in-situ
method (see 5.2.2), it does reduce the risk of damage to the
reference impedance standard due to frequent use and han-
dling. The effects of drift in TDR amplitude offset are mini-
mized with this method.

5.2.1.1 Measurement Calibration Procedure The instru-
ment setting must be the same for Steps 1 and 2. This pro-
cedure will determine the characteristic impedance of the
transfer standard from which characteristic impedance of the
transmission line under test will be determined (see 5.2.1.2).
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Figure 5-4 Determination of instant in the TDR waveform corresponding to the beginning of the reference line. A

amplitude of the signal reflected from the open end of rf cable.
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Figure 5-5 Determination of instant in TDR waveform corresponding to the end of the reference line (transfer standard or

air line reference). Ag, is the amplitude of the signal reflected from the open end of the reference line.
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Step 1 — Hold the probe in air (see Figure 5-6) and measure
the average voltage levels for each of those parts of the TDR
waveform corresponding to the open step, V,,e,, and to the
transfer standard, V., 0. Calculate the amplitude, V, 4, of the
incident voltage step using:

Vi,O = Vopen - Vtran,O

Step 2 — Probe the reference airline (see Figure 5-7) through
the appropriate interface (see 4.3.8) and measure the average
voltage levels for each of those parts of the TDR waveform
corresponding to the airline, V4, and to the transfer standard,
Vian,1, @nd compute the voltage difference, V, o

Vio = Vsid = Viran1

The instants, t, g4 and t; gy, shown in Figure 5-7 are anala-
gous to t; -, and t;; except that the former are for the air line
standard from which the transfer standard impedance is
determined.

Step 3 — Calculate the reflection coefficient of the transfer
standard relative to the air line. If the TDR system already pro-
vides reflection coefficient values, go directly to Step 4. The
reflection coefficient, p,..,, for the transfer standard is given by:

_ Vo
ptran - V

Step 4 — Calculate the impedance, Z,,,,,, of the transfer stan-
dard using the following formula:

1 + ptran

Ztran = Zstd W
ran

5.2.1.2 Measurement Process The instrument setting
must be the same for Steps 1 and 2. This procedure will
determine the characteristic impedance of the transmission
line under test. This process should be done after the mea-
sure zone has been defined (see 5.1.3).

Step 1 — Repeat the measurements of Step 1 of 5.2.1.1. Cal-
culate the amplitude, V; ,, of the incident voltage step using:

Vi,l = Vopen - Vtran,z

where V.., is the average voltage level of that part of the
TDR waveform corresponding to the transfer standard.

Step 2 — Probe the transmission line (see Figure 5-8) and
measure the mean, minimum, and maximum voltage values,
Ve.aver Ye,mim @Nd Ve naye Of that part of the TDR waveform
corresponding to the measurement zone of the transmission
line.

Step 3 — Without moving the probe from the position used in
Step 2, measure the average voltage level for that part of the
TDR waveform corresponding to the transfer standard, V., s,
and compute the voltage difference, V, ;:

Vr,l = Vtran,S - VC,x
where V., the subscript “X” refers to *‘ave,” “‘min,” or

“max.”

Step 4 — Calculate the reflection coefficient of the transmis-
sion line under test relative to the transfer standard. If the TDR
system already provides reflection coefficient values, go

RO MEASUREMENT ZONE -------------—- — —
for TRANSMISSION LINE UNDER TEST
TDR
TRANSFER
INSTRUMENT STANDARD
[ |
| i
] L
| 1 |
! |
i Vio |
| ‘ . 1 Vopen
MEASUREMENT ZONE --------=----- - vl -
for REFERENCE LINE tran0 |
TIME ti,Ref tt Ref tiTL teTL
IPC-2257a-5-6

Figure 5-6 Measurement of Incident Step Amplitude
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Figure 5-8 TDR Measurement of Transmission Line Under Test

directly to Step 5. The reflection coefficient, py, for the trans-
mission line is given by:

!
PrL Vis

Step 5 — Calculate the characteristic impedance, Zc ,, of the
transmission line using:

The Z. ,, therefore, corresponds to the average, minimum, or
maximum characteristic impedance value of the transmission
line under test.

5.2.2 In-situ Reference Method In this method, the
impedance of the reference air line is the basis from which the
characteristic impedance of all test transmission lines is com-
puted. The in-situ reference method requires the least number
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of acquired waveforms compared to the other two single-
ended methods described herein. This method provides a
direct comparison between the reference impedance and the
impedance of the transmission line under test, the other two
methods do not, and this reduces the effects of drift in TDR
amplitude offset on the Z,. However, because the reference is
always in use, it is more likely to become damaged and this
may cause measurement error.

5.2.2.1 Measurement Calibration Procedure This
method does not require a calibration step other than the
general system calibration described in 5.1.1.

5.2.2.2 Measurement Process The instrument setting
must be the same for Steps 1 and 2. This procedure will
determine the characteristic impedance of the transmission
line under test. This process should be done after the mea-
sure zone has been defined (see 5.1.3).
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Step 1 — Hold the probe in air (see Figure 5-9) and measure
the average voltage levels for each of those parts of the TDR
waveform corresponding to the open step, V,pen, and to the
reference air line, Vg . Calculate the amplitude, V,,, of the
incident voltage step using:

Vi,0 = Vopen - Vstd,O

Step 2 — Probe the transmission line (see Figure 5-10) and
measure the mean, minimum, and maximum voltage values,
Ve.aver Ve,mine @nd Ve gy, Of that part of the TDR waveform
corresponding to the measurement zone of the transmission
line.

Step 3 — Without moving the probe from the position used in
Step 2, measure the average voltage level for that part of the
TDR waveform corresponding to the reference air line, Vg 1,
and compute the voltage difference, V, ;:

Vr,l = Vstd,l - VC,x
where V., the subscript “X” refers to *‘ave,” “min,” or

“max.”

Step 4 — Calculate the reflection coefficient of the transmis-
sion line und er test relative to the reference air line. If the TDR
system already provides reflection coefficient values, go

TDR
INSTRUMENT
SPD
i PRECISION
RF CABLE T
Vio
‘ Vopen
MEASUREMENT ZONE Vstd 0
for AIRLINE ' =
TIME i std [f,std t 7L

IPC-2257a-5-9

Figure 5-9 Calibration of Incident Step Amplitude

TDR

AIRLINE

TRANSMISSION LINE UNDER TEST

INSTRUMENT
SPD
I} PRECISION |
RF CABLE '
MEASUREMENT ZONE ———————= —
for TRANSMISSION LINE UNDER TEST !
'
: s
¥ :
S Vs ! i
[} \
MEASUREMENT ZONE v_zm 1 : VC,‘ave
for AIR LINE ===+ | ’ fe- i
]
TIME ti,std tf,std tiTL 7L

IPC-2257a-5-10

Figure 5-10 TDR Measurement of Transmission Line
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directly to Step 5. The reflection coefficient, py, for the trans-
mission line is given by:

Vio

P = Vio

Step 5 — Calculate the characteristic impedance, Z. 4, of the
transmission line using:

The Z ,, therefore, corresponds to the average, minimum, or
maximum characteristic impedance value of the transmission
line under test.

5.2.3 Stored Reference Waveform Method The stored
reference method requires a fewer number of measurements
than the transfer standard method (see 5.2.1) because the
reference waveform is stored and subsequent waveforms
compared to it. However, it is important in this method that
the amplitude offset of the TDR unit does not drift.

5.2.3.1 Measurement Calibration Procedure The instru-
ment setting must be the same for Steps 1 and 2. This pro-
cedure will determine the characteristic impedance of the
transfer standard from which characteristic impedance of the
transmission line under test will be determined (see 5.2.1.2).

Step 1 — Hold the probe in air (see Figure 5-11) and measure
the average voltage levels for each of those parts of the TDR

waveform corresponding to the open step, Ve, and to the
reference standard, Vg o. Calculate the amplitude, V, ,, of the
incident voltage step using:

Vio = Vopen = Vsid,0

Step 2 — Record the voltage, Vi neck o, in the TDR waveform
corresponding to the precision RF cable.

5.2.3.2 Measurement Process The instrument setting
must be the same for Steps 1 and 2. This procedure will
determine the characteristic impedance of the transmission
line under test. This process should be done after the mea-
sure zone has been defined (see 5.1.3).

Step 1 — Probe the transmission line (see Figure 5-12) and
measure the mean, minimum, and maximum voltage values,
Ve aver Ve min @nd Ve g, Of that part of the TDR waveform
corresponding to the measurement zone of the transmission
line.

Step 2 — Record the voltage, V ,ec 1. in the TDR waveform
corresponding to the precision RF cable and compute the fol-
lowing:

Vcheck,O - Vcheck,l

Vit = Vi
8

If Vg IS greater than 0.002, then the TDR system must be
recalibrated (see 5.2.3.1).

e AIRLINE — PROBE
e ijm I [ = m— = :
{1 [} {1 :
TDR |
INSTRUMENT i
SPD i
i PRECISION :
RF CABLE f 5
Vi l
MEASUREMENT ZONE - i0 — :
for AIR LINE b l Vopen
Vcheck,0 Vistd,0 i l
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, B R ,,,,,,,,,,,,,,,,,,,,i,,,,,,,,,-,,,,,,
:
TIME £ g4 i std o

IPC-2257a-5-11

Figure 5-11 Calibration for Stored Reference Method
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Figure 5-12 TDR Measurement of Transmission Line

Step 3 — Calculate the reflection coefficient of the transmis-
sion line under test relative to the air line. If the TDR system
already provides reflection coefficient values, go directly to
Step 4. The reflection coefficient, p,.., for the transfer stan-
dard is given by:

Duan = Vex = Vs
tran Vi,o
Step 4 — Calculate the impedance, Z,,,,, of the transmission
line under test using the following formula:

1+ Pyan

Ztran = Zstd W
ran

5.3 Differential TDR Measurement Procedures This
section contains one method for measuring the characteristic
impedance of differential transmission lines. The following cali-
bration and measurement steps should be used when the
device(s) under test are differential (balanced) transmission
lines. This process can be followed manually but, to improve
measurement repeatability and reduce measurement time, an
automated measurement system is recommended. Addition-
ally, the use of a fixture based or robotic probing system
greatly improves the accuracy and repeatability over hand
probe techniques and further reduces the measurement time.

The differential method described herein requires that (1) the
probe act as a transfer standard (see 4.3.3.1), (2) the TDR
system uses a source that delivers a differential signal to the
signal lines of the differential transmission line, and (3) the TDR

samples the reflected signal from both signal lines of the dif-
ferential transmission line simultaneously. In this case, two
TDR waveforms are obtained, one from each of the signal
lines of the differential transmission line, and these TDR wave-
forms are used to determine the odd mode impedance of
each signal line of the differential transmission line. The odd
mode impedance is not the same as the characteristic imped-
ance of a single-ended transmission line. These odd mode
impedances are then used to compute the differential imped-
ance of the differential transmission line. For a discussion of
differential impedance propagation modes refer to IPC stan-
dard 2141.

5.3.1 Instrumentation and Equipment The TDR instru-
ment used in this test method provides two opposite-polarity
equal-magnitude signals that are simultaneously applied to
the two signal lines of the differential transmission line under
test. A typical TDR waveform from such an instrument is
shown in Figure 5-13.

Follow the manufacturer’s recommended procedure and
schedule for in-house as well as factory calibrations of the
TDR. Prior to beginning each measurement and no less than
once daily, check the skew between the two output signals of
the differential source of the TDR. This skew should be
checked at the output end of the probe not at the TDR output
or at the end of the connecting cables. The skew should be
adjusted to be a minimum. Check that the amplitude of the
differential signals have equal but opposite polarity and verify
that they are in specification. Use the appropriate probes (see
4.3.3.1).
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Figure 5-13 Differential TDR Waveform

5.3.2 Determination of Measurement Zone The deter-
mination of the measurement zone is done similarly to that for
single-ended transmission line test methods as discussed in
5.1.3. However, for this differential test method, the TDR
waveform will appear similar to that shown in Figure 5-14.

The instants shown in Figure 5-14, t, ;s trs, i, and t ¢,
are the initial and final instants of the measurements zones for
the transfer standard and transmission line under test. The
t s ti1s are the same as t; g and t; z; described for single-
ended transmission lines in 5.1.3.

5.3.3 Measurement Calibration Procedure The instru-
ment setting must be the same for Steps 1 and 2. This pro-
cedure will determine the characteristic impedance of the
transfer standard from which characteristic impedance of the
transmission line under test will be determined (see 5.3.4).

Step 1 — Hold the probe in air and measure the average volt-
age levels corresponding to the high and low states of the two
differential TDR waveforms, which are labeled Vi gcpp 1,
Vis.ch2,11 Vopen,chir @10 Vopen cho in Figure 5-15. There are a
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total of four states, two for each of the differential waveforms.
Calculate the amplitude, Vi, cn1, Of the incident voltage step
for Channel 1 (Ch1) using:

Vine,cht = V1s,chi,1 ~ Vopen,chi

and the amplitude, V.. ¢, Of the incident voltage step for
Channel 2 (Ch2) using:

Vine,.ch2 = V1s,ch2,1 ~ Vopen,ch2

where:

Vrs.cn1a 1S the average voltage level of that part of the Chl
TDR waveform corresponding to the transfer standard,
Vis.cnz1 1S the average voltage level of that part of the Ch2
TDR waveform corresponding to the transfer standard,
Vopen.chi IS the average voltage level of that part of the Chl
TDR waveform corresponding to the high state of the differen-
tial signal applied to Ch1, and

Vopen.chz IS the average voltage level of that part of the Ch2
TDR waveform corresponding to the high state of the differen-
tial signal applied to Ch2.
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Figure 5-14 Measurement Zones for Differential TDR

Step 2 — Probe the reference airline using suitable adapter
and obtain a TDR waveform similar to that shown in Figure
5-16 for each channel. Measure the average voltage levels for
the high and low states for the two differential TDR wave-
forms, which are labeled Vg cni2 Vrschzz2 Vsta,chnir and
Vewa.chz IN Figure 5-16. There are a total of four states, two for
each of the differential waveforms. Calculate the voltage differ-
ence, V, ¢, for Channel 1 (Chl) using:

Vicht = V1s.cht,2 = Vsta,chi

and the voltage difference, V, ¢, for Channel 2 (Ch2) using:

Vich2 = V1s.chz,2 = Vstd,ch2

where:

Vrs.cn1 2 1S the average voltage level of that part of the Chl
TDR waveform corresponding to the transfer standard (not
the same value as used in Step 1),
V1s.chz.2 1S the average voltage level of that part of the Ch2
TDR waveform corresponding to the transfer standard (not
the same value as used in Step 1),

Vaw.cna IS the average voltage level of that part of the Chl
TDR waveform corresponding to the reference standard (the
airline), and

Vio.chz IS the average voltage level of that part of the Ch2 TDR
waveform corresponding to the reference standard (the air-
line).

This calibration step can be performed using either one refer-
ence airline or two. Because the reference airline contains only
one signal conductor, if one airline is used, then calibration of
the two channels must be performed sequentially (in which
case, Figure 5-16 is a composite of two TDR waveforms, one
for each differential TDR channel). If two airlines are used, then
the calibration of the two channels can be performed simulta-
neously.

Step 3 — Calculate the characteristic impedance, Zg cp,, Of
the transfer standard for Channel 1 (Ch1) using:

z _ Vinc,Chl - Vr,Chl
Tschl = (g v | s
Vinc,cht + Vrchi
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Figure 5-16 Calibration of Transfer Standard
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and the characteristic impedance, Z;g cp,, Of the transfer
standard for Channel 2 (Ch2) using

7z _ Vinc,ChZ - Vr,ChZ
1sch2 = (g | Zstd
Vine,ch2 + Vich2

where:

Z.4 the characteristic impedance of the reference standard
(the airline).

5.3.4 Transmission Line Measurement Process The
instrument setting must be the same as that for 5.3.3. This
process should be done after the measure zone has been
defined (see 5.3.2).

Step 1 — Probe the transmission line and measure the aver-
age voltage levels for the high and low states for the two dif-
ferential TDR waveforms, which are labeled Vigcpia,
Vis.chz.a Vricn @nd Vo cpo in Figure 5-17. There are a total
of four states, two for each of the differential waveforms. Cal-
culate the voltage difference, V, 1. for Channel 1 (Chl)
using:

Vr,TL,Chl = VTS,Ch1,3 - VTL,Chl

and the voltage difference, V, oy, 1 for Channel 2 (Ch2) using:

Vr,TL,ChZ = VTS,Ch2,3 - VTL,Ch2

where:

Vrs.cnis 1S the average voltage level of that part of the Chl
TDR waveform corresponding to the transfer standard (not
the same value as used in 5.3.3, Steps 1 and 2),

Vrs.chz.s 1S the average voltage level of that part of the Ch2
TDR waveform corresponding to the transfer standard (not
the same value as used in 5.3.3, Steps 1 and 2),

V1L.cn is the average voltage level of that part of the Chl TDR
waveform corresponding to the transmission line under test,
and

V1L .cn2 is the average voltage level of that part of the Ch2 TDR
waveform corresponding to the transmission line under test.

Step 2 — Calculate the odd-mode impedance, Z,yq.cha, fOr
the signal line of the transmission line under test connected to
Channel 1 (Ch1) using:

Vinc,Chl - Vr,TL,Chl

Zogd,chy = TS,Chi
' Vinc,cht + ViTLcht '

and the odd-mode impedance, Z,yq4.cno, for the signal line of
the transmission line under test connected to Channel 2 (Ch2)
using:

Transfer Standard Transmission Line
Measurement Zone Measurement Zone
0.4
/ ! ,/ ! Vrs,chi,3
0.3 AN
cm\..a\_/v-vi—i————"-’-’-\-_-; ------- SEETEY CEPTE S Rttt
0.2 : : ! Py \
| | H H
0.1 i i : : \ Vi1L,cha
s o L
S oo — —
e 1 1 ] 1
2 01 i i S ,r,d
n : : ! ! / V7L, chz
-0.2 i i . . 7
Ch2 e~ n— I GNP gy ey " s TIiIIIrIrIIIIs
-0.3 i i : :
! ! i i \
04 ! ! i i V'1s,ch2,3
i i ! !
1 1 T ] 1
tits trrs ime tire tem
IPC-2257a-5-17

Figure 5-17 Differential TDR Measurement of Transmission Line
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, _ Vine.ohz = VeTLch2 , f. Damage from excessive pressure during the multilayer pro-
odd,Ch2 —Vinc,Chz +Verion TS,Ch2 cess.
g. Variations in the laminate glass-to-resin content.
where:

Z1s.cn1 IS the characteristic impedance of the transfer stan-
dard connected to Chl as determined in Step 3 of 5.3.3,

Z+s ch2 IS the characteristic impedance of the transfer stan-
dard connected to Ch2 as determined in Step 3 of 5.3.3,

V. 1Lcn1 is the reflected voltage value from Chl as calculated
in Step 1,

V. 1L.cnz IS the reflected voltage value from Ch2 as calculated
in Step 1,

Vine.cn1 IS the voltage amplitude computed for Chl in Step 1
of 5.3.3, and

Vine.chz is the voltage amplitude computed for Ch2 in Step 1
of 5.3.3.

Step 3 — Calculate the differential impedance, Z; 4y, Of the
transmission line under test using:

Z1 dift = Zodd,ch1 + Zodd,ch2
6 Special Considerations and Notes

6.1 General

6.1.1 Quality Control Measurements for manufacturing
control are performed to identify and correct process or mate-
rials problems occurring during a manufacturing run, as well
as to assure that a product will perform electrically as
designed. To facilitate the large number of measurements
required in a production environment and to maximize mea-
surement repeatability and reproducibility between different
operators and test systems, it is particularly useful to auto-
mate the TDR calibration and measurement by using com-
puter control. This can be easily achieved using a personal
computer and suitable equipment as described in Section 4.
Examples of parameter variations detectable by TDR, and that
are evidence of process or materials problems, include the
following:

a. Over/under-retching (line width problems).
. Over/under-plating (line width and thickness problems).

b

c. Permittivity of the dielectric.
d. Thickness of the dielectric.
e

. Degradation from excessive heating and humidity.
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h. Variations in additional coatings applied to the board sur-
face, e.g., solder mask.

Measurement repeatability is described in IPC-TM-650 Test
Method 1.9, Measurement Precision Estimation for Variables
Data. This test method also describes a process to evaluate
the reproducibility of a measurement system for multiple
operators, on different days, and when using different instru-
ments. This evaluation process should be followed and a
precision-to-tolerance ratio acceptable to the customer
obtained.

6.1.2 Single-Ended and Differential Lines Increased
performance requirements for computer and other electronic
products often demand even greater signal fidelity, time pre-
cision, and noise immunity, than can be obtained with a
single-ended transmission line. A single-ended transmission
line is a transmission line design consisting of a single signal
conductor placed over one ground plane, as in microstrip, or
between two ground planes, as in stripline. Single-ended lines
may be called unbalanced transmission lines. Differential lines
are used to increase signal fidelity with improved time preci-
sion and increased noise immunity. Differential lines may also
be called balanced or coupled transmission lines. The
required TDR method is different for differential lines.

6.1.3 Environmental Factors Temperature and humidity
should be monitored during the test. Long exposures to tem-
peratures and humidities other than standard laboratory con-
ditions (temperature range of 20 °C to 23 °C [68 °F to 73.4 °F]
and relative humidity range of 35 % to 65 %) can impact the
dielectric properties of the materials in the test objects. Fur-
thermore, the electrical characteristics of the TDR, such as
sampler gain, are temperature dependent. Therefore, for the
most repeatable measurements, the TDR instrumentation
should be maintained within the manufacturer recommended
temperature and humidity ranges. Low relative humidity may
result in electrostatic discharge damage to the TDR unit.

6.1.4 Measurement Accuracy and Repeatability Accu-
racy and repeatability depend on the impedance of the line
being measured, the type and condition of probes, cables,
sampling head, and the experience of the test technician.
Accuracy is the difference between the most likely measure-
ment and the defined standard. The most likely measurement
is also called the mode of all measurements within a sample
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set. Three times the standard deviation around each side of
the mode is the repeatability.

The ability to resolve a measurement value is fundamental to
the accuracy of any measurement process. The TDR instru-
ment should have sufficient measurement resolution to facili-
tate the accuracy requirements of the measurement method
described herein. The total risetime of the TDR system (includ-
ing cables, probes, etc.) and step aberrations define the
impedance resolution (see 4.1.2).

6.1.5 General Cautionary Statement TDR test systems
and associated accessories are precision high frequency
devices. Most TDRs include hardware to protect the static-
sensitive sampling heads. However, operators and mainte-
nance staff should take proper ESD precautions (see manu-
facturer’s recommendations). High frequency cables, because
they typically use solid center conductors, are not as flexible
as typical coaxial cable. Consequently, care should be taken
not to excessively bend and flex the high frequency cables.
The probes used in TDR systems typically use spring-loaded
contacting mechanisms and these should be checked peri-
odically to ensure proper operation. Statistical process control
methods and control charts can provide useful information
regarding the condition of the TDR system and its associated
accessories.

6.1.6 TDR Measured Values The units of the values out-
put by the TDR system may be in voltage, reflection coefficient
(commonly called “rho” for the Greek character, p, represent-
ing it), and impedance.

6.1.6.1 Impedance If the TDR system provides impedance
values directly, no further computation is required to obtain
the characteristic impedance of the transmission line under
test.

6.1.6.2 Reflection coefficient, p If the TDR unit provides
its output in terms of p, then the characteristic impedance of
the transmission line under test must be computed from p.

6.1.6.3 Voltage |If the TDR unit provides its output in term
of voltages, these voltages must first be used to compute the
amplitude of the incident and reflected pulses. Note, all volt-
ages values measured in the test procedures are that of static
voltage levels. These voltage levels are used to compute pulse
amplitudes. The pulse amplitudes, in terms of voltage, are
then used to compute the reflection coefficient of the trans-
mission line under test relative to the TDR, as shown in the

test methods, and these reflection coefficients are then used
to determine the characteristic impedance of the transmission
line under test.

6.2 Calibration

6.2.1 System Verification The use of test reference speci-
mens corresponding to different impedance values, for
example 28 Q, 50 Q, and 100 Q for single-ended transmis-
sion lines and 100 Q for differential transmission lines, should
be measured according to the user-defined sampling plan
and compared to impedance control limits to ensure the sys-
tem is functioning correctly.

6.2.2 Calibration Artifacts Air line standards should be
checked for mechanical tolerances or replaced at regular
intervals. They should be handled with care. Worn out stan-
dards can cause a significant but unknown error than can
exceed 2 Q. The air line should be compared to another air
line periodically to verify the air line in use has not been dam-
aged. The airline should also be calibrated and documented
periodically (not less than once every two years) by a qualified
certification laboratory and kept in an environment safe from
mechanical shocks, dust and dirt. Dust and dirt degrade the
fine threads of the connection and damage the electrical mat-
ing surfaces. Also, some TDR equipment manufacturers have
requirements for the minimum length of the airlines they rec-
ommend for calibration and standardization. Check with the
manufacturer regarding their calibration requirements. For dif-
ferential impedance of 100 Q, each channel can be checked
with a 50 Q airline.

Ideally, the effects of material properties of the air line should
be included in the calculation of the air line impedance
because some of the corresponding transmission line proper-
ties, such as conductor resistance, will be frequency depen-
dent. Also, beadless air lines should be used because their
geometries can be readily measured whereas the geometries
of beaded air lines are more difficult to measure.

6.3 Measurement System
6.3.1 Bandwidth/Risetime Resolution The frequency

components of the TDR step are approximately related to the
bandwidth by:

0.35
BW_3qg = o
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where: 5.1.1). All cables should have a termination attached to one

BW ;45 is the 3 dB attenuation bandwidth and t, is the 10 %
to 90 % transition duration of the TDR step response.

Note that this relationship may not accurately represent the
intended operational frequencies of the transmission line
being tested. The bandwidth and risetime characteristics must
be adequate to ensure that the TDR can provide a measure-
ment zone long enough to accurately determine Z, for a
transmission line of a given length. This constant-valued
region corresponds to the round-trip propagation time of the
TDR step on the transmission line being tested. If the TDR
transition duration is too long relative to this propagation time,
the constant-valued region (also called the measurement
zone) will be very short thereby increasing measurement error
and uncertainty. Risetime considerations, however, are not
the best method for determining TDR resolution. It is better to
consider the temporal/spatial resolution of the TDR (see 4.1.2)
than bandwidth/risetime resolution when determining the per-
formance of the TDR measurement system.

6.3.2 Temporal/Spatial Resolution The TDR unit may
not be the only limiting factor for temporal resolution. The
probe connecting the TDR unit to the test specimen may also
limit resolution and this needs to be considered. Because of
the nature of TDR, it is easy to include the effects of the TDR
unit and all of the probe devices collectively, by defining t, s as
the fall time of the TDR step that has reflected from a short
circuit placed at the end of the probe and returned to the TDR
head. The mean value of Z, is less susceptible to TDR reso-
lution than are the minimum and maximum values.

6.3.3 Amplitude Scale If a coarse vertical scale is used,
quantization error can be significant. Many instruments
change accuracy when their scales are changed, and this can
result in significant but unknown errors that can exceed 3 Q.

6.3.4 Baseline and Amplitude Drift The ability of the TDR
instrument to maintain a constant baseline voltage and con-
stant amplitude step pulse are critical to the repeatability of
the TDR measurement process. TDR step generators and
sampling units are sensitive to time and temperature drifts.
Drift should be minimized and have a value that corresponds
to less than one-tenth the desired impedance uncertainty.

6.3.5 Electrostatic Discharge Damage ESD damage to
TDR instrumentation is often not easily detected and may
unknowingly affect measurement accuracy. Therefore, system
calibration should be performed regularly to check for this (see
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end when not in use and while they are being connected to
the TDR instrumentation. The use of a static protection switch
helps eliminate ESD damage to the TDR. Operators should
have anti-static awareness training and should perform all
measurements in anti-static work areas while wearing anti-
static wrist straps.

6.3.6 Probes Hand-held (manual) probing solutions are
more sensitive to operator technique than are automated
methods and, consequently, the measurements made using
manual probing methods will exhibit higher variability than
automated methods. Operators should be trained and tested
in their ability to repeatably probe and obtain a consistent
measurement.

6.3.6.1 Probes for Single-Ended Transmission Line
Measurements The probe assembly impedance is often
chosen to be 50 Q to match the impedance of the TDR sys-
tem. Impedance matching minimizes reflections at the inter-
face between the probe and the transmission line under test.
These reflections, which appear at and around the transition
region in the TDR pulse and can extend for some time after
this transition, are perturbations in the TDR waveform and are
undesirable because they affect the length of the measure-
ment zone and may increase measurement uncertainty. When
the characteristic impedance of the transmission line under
test is nominally 50 Q, these perturbations will normally decay
rapidly. If the impedance of the transmission line under test is
significantly different from 50 Q, the magnitude of the pertur-
bations can be large and their duration long enough to affect
the measurement zone. The effect of these perturbations
must be taken into account when determining the measure-
ment zone (see 4.1.2). The design and quality of manufacture
of the probe has a large effect on the magnitude and duration
of reflections generated between the TDR system and the
transmission line under test.

When probing non-50 Q lines, it is possible to separate, in the
TDR waveform, the large signal perturbations caused by the
TDR/probe interface from those caused by the probe/
transmission line interface. To do this, a specially designed
probe is required that is impedance matched to the transmis-
sion line under test and that also has a long propagation delay
between the TDR/probe connection and the probe tip. The
long propagation delay can effectively move the large pertur-
bations at the TDR/probe interface out of the measurement
zone.
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6.3.6.2 Probes for Coupled-Signal-Line (Differential)
Transmission Line Measurements The probe consider-
ations described in 4.3.3 apply for probes used in differential
transmission line measurements. However, the necessity to
simultaneously probe two signal lines and one or two refer-
ence plane contacts makes differential probing more difficult
than probing single signal line structures. In a PCB manufac-
turing environment, the use of two probes that were previ-
ously used for single-ended measurements may not be pos-
sible. This is because the operator is required to use both
hands for probing, which leaves them unable to operate the
instrument. Contact your instrument manufacturer for their
probing solutions and advice. Probes from one manufacturer
can also be used with another manufacturer’s TDR if the
impedance values and connectors are compatible.

6.4 Adjustable Measurement Parameters

6.4.1 Sampling Interval (Point Spacing) The temporal
resolution of the TDR unit is an issue only if it impacts the
duration of the constant-valued regions in the TDR waveform
(see 4.1.2) that are used for computing Z,. The temporal reso-
lution of the TDR is affected by the transition duration of the
TDR step response, the transition duration of the step
response of all intervening electrical components (connectors,
cables, adapters), measurement jitter, the interval between
sampling instances, and timebase errors. For typical TDR
measurements, timebase errors and sampling intervals should
not be an issue (both are or can be made to be less than 10
ps). The effect of measurement jitter can be modeled by con-
volving the jitter distribution with the TDR step response to
yield an effective TDR step response. The effect of jitter on the
bandwidth of the TDR measurement can be assessed from
the jitter spectrum, which can be described by:

3(f) = e
where:

J is the jitter spectrum,
f is frequency, and
o is the rms jitter value

If the effective step response impacts the duration of the mea-
surement zones, then jitter must be reduced. If the jitter has
an observable effect, then the user must reduce the duration
of the measurement zone (by increasing the lower limit and
decreasing the upper limit, (see 5.1.3) from which Z, is com-
puted or reduce the system jitter. Reduction in the duration of
the measurement zone may introduce a bias in the voltage or

reflection coefficient values and this affect the computed value
of Z,. If the rms jitter value is less than 20 % of the transition
duration of the TDR step response, then the jitter is small and
can be ignored. For typical TDR systems, however, rms jitter
is less than 10 ps and will not affect the Z, measurements.
Similarly, the effect of cables, connectors, and adapters on
the measurement can be modeled by convolving their step
responses with that of the TDR unit. If the transition duration
of this new step response meets the requirements of 4.1.2,
then the performance of the cables, connectors, and adapters
is adequate.

6.4.2 Waveform Averaging and Number of Samples in
the Measurement Zone Waveform averaging reduces the
effective noise level of the measurement by M2, where M is
the number of acquired waveforms (typically, 8 < M < 256).
Consequently, averaging can reduce measurement noise.
This reduction is limited by the number of bits of the analog-
to-digital converter of the TDR system. However, if the TDR-
system exhibits drift in the timebase, averaging too many
waveforms may result in a reduction of ty  and a commensu-
rate reduction in the temporal/spatial resolution of the TDR.

The number of samples (data points) in the measurement
zone will affect the standard deviation of the computed value
of Z, because this value is the result of averaging all the
samples in the measurement zone. Therefore, the more
samples in the measurement zone, the smaller will be the
standard deviation of the computed Z, value.

6.4.3 Selection of Constant-Valued Region (Measure-
ment Zone) Inconsistency in defining where the constant-
valued region is located in the TDR waveform may cause a
significant but unknown error than can exceed 5.0 Q. Speci-
fying the measurement zone improves measurement repeat-
ability of the same or similar samples, and this can improve
assessment of design and fabrication quality and vendor
capability. This measurement zone should be far enough
away from the launch and the open end of the transmission
line under test to minimize the effects of these discontinuities.
The measurement zone is to be given as the separation
between two positions on the transmission line, and these
positions are to be given as a percentage of the transmission
line length referenced from the TDR/transmission line inter-
face. The measurement zone is defined in 5.1.3.
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